Abstract. Ischemia-reperfusion (I/R) injury has a major impact on renal dysfunction during transplantation. The present study investigated the role of lutein against I/R injury-induced oxidative stress in rat kidneys. Biochemical analysis and oxidative stress parameters demonstrated that lutein protected the rat kidney significantly from I/R injury. Pretreatment with lutein significantly increased the total antioxidant capacity with a concomitant decline in the total oxidant status. Rats with I/R injury showed a significant increase in oxidative stress. The results revealed significant increases in the levels of lipid peroxidation and protein carbonyl content with concomitant decreases in enzymic and non-enzymic antioxidants. The activity of these enzymes was reversed and demonstrated a significant increase following lutein pre-treatment compared with the rats subjected to I/R injury alone. Furthermore, lutein protected the renal tissue from I/R injury by maintaining normal kidney architecture and led to a reduction in the levels of the renal markers urea and creatinine in the serum. These results demonstrated clear evidence that lutein offered a significant protective effect against I/R injury by enhancing antioxidant defense mechanisms.
Introduction
The major reason for acute renal failure following renal transplantation has been implicated to be due to renal ischemia-reperfusion (I/R) injury (1, 2) . A limitation in oxygen supply causes I/R injury, which ultimately results in the perturbation of normal cellular processes (3) . Ischemia primarily affects cellular function through the release of reactive oxygen species (ROS) and the pathophysiology of I/R leads to cell death via apoptosis/necrosis through oxidative stress and inflammatory mediators. There is clear evidence that oxidative stress acts as a major contributor to renal I/R injury (4) (5) (6) . However, these stress conditions can be prevented or protected from using an appropriate pharmacological approach, which causes a complete reduction in the oxidative stress status. Previous studies have reported the positive role of nitric oxide, leptin, antioxidants and glutamine supplementation in protective intervention prior to ischemia (5, 7) .
Lutein, a non-vitamin A carotenoid is a member of the xanthophyll group, which can be obtained through the diet by consuming various dark green leafy vegetables and fruits (8) (9) (10) . The hydroxyl group in the lutein structure reacts strongly with ROS, acting as an efficient free radical scavenger and imparting various health benefits (11) . Several studies have suggested that lutein exerts its biological properties through its antioxidant property and by reducing oxidative stress responses (12) (13) (14) (15) . Lutein has been demonstrated to possess pharmacological activities as an anti-inflammatory (12) and anticancer agent (13) , and provides protection against gastric lesions (14) and gastrointestinal ulcers (15) .
The aim of the present study was to investigate the protective role of lutein against renal I/R injury in the context of oxidative stress and inflammatory responses.
Materials and methods
Animals. The study was approved by the institutional animal care and use committee in the Department of Anesthesiology, (Weifang People's Hospital, Weifang, China). Male Wistar rats (n=24; weight, ~150-200 g; age, 8-10 weeks; Animal House Facility, Weifang Medical University) were used for the present study. The rats were maintained under controlled conditions of (21±2˚C) and relative humidity (70%) with an alternating dark and light cycle. The animals were fed with commercially available rat pellets and water ad libitum. Following acclimatization, the animals were randomly divided into five groups, with six rats per group.
Study design. The five groups of rats, which were examined in the present study received different treatments, as follows: Group I (control), no surgery or treatment was administered; group II (sham), sham surgery was performed with exposure of the renal pedicles but without I/R; group III (lutein), lutein was administered through intraperitoneal injection at a dose of 0.2 mg/kg consecutively for 7 days; group IV (I/R), the animals were subjected to 45 min bilateral ischemia followed by 24 h reperfusion; and group V (lutein+I/R), lutein was administered through intraperitoneal injection at a dose of 0.2 mg/kg consecutively for 7 days and subjected to 45 min bilateral ischemia followed by 24 h reperfusion.
Following a 12 h fasting period, the animals were then anesthetized with xylazine (10 mg/kg) and ketamine (70 mg/kg). A body temperature of 37.5˚C was maintained throughout the experimental procedure using a heating lamp. Prior to kidney isolation, the abdominal region was sterilized with povidone iodine solution. A midline minimal incision was made to the abdomen and the two kidneys were isolated. The abdomen was closed without any further procedure in the sham group. The sutures used in the study were obtained from Kent scientific corporation (Torrington, CT, USA). In the I/R and lutein+I/R groups, non traumatic microvascular clamps (S&T microvascular clamps, Neuhasen, Switzerland) were used to occlude the renal arteries for 45 min. The clamps were then removed and the kidney was inspected for restoration of blood flow prior to closure of the incision. Saline (5 ml at 37˚C) was administered intraperitoneally to prevent fluid loss prior to abdominal closure of the rats. Following completion of 24 h renal reperfusion, the animals were re-anesthetized with xylazine (10 mg/kg) and ketamine (70 mg/kg; (both from Sigma-Aldrich, St. Louis, MO, USA), and the abdomen was reopened. Blood was collected by cardiac puncture, which was immediately centrifuged at 1,000 x g and the isolated serum was stored at -70˚C until subsequent analysis. Bilateral nephrectomies were performed and the left kidney was stored for histopathological analysis in 10% formalin solution. The right kidney was stored at -70˚C and was used for all the subsequent biochemical assays.
Histopathological analysis. The kidneys from the rats were fixed with 10% formaldehyde, dehydrated in graded alcohol and embedded in paraffin. Sections (5 µm) were cut from the tissues using a microtome and mounted onto glass slides. The slides were counterstained with hematoxylin & eosin and analyzed for histological changes using an inverted microscope (CKX31; Carl Zeiss, Oberkochen, Germany).
Assessment of renal function. Renal function was determined by measurement of the serum urea (16) and serum creatinine levels (17) .
Estimation of serum total antioxidant capacity (TAC).
The TAC of the serum was determined, as described by Erel (18) . The assay principle involves the reaction between antioxidants in the sample and free radicals in the reaction mixture to form the hydroxyl radical, which was measured spetrophometrically at 444 nm. The results are expressed as mmol of Trolox equivalent/l.
Total oxidant status (TOS) of the serum.
The TOS of the serum was determined, as described by Erel (19) . The results are expressed as µmol H 2 O 2 equivalent/l. The principle is based on the oxidation of the ferrous ion-o-dianisidine complex to ferric ion by the oxidants present in the sample. The formation of a colored complex in the presence of xylenol orange in an acidic medium was measured spectrophotometrically (Beckman Instruments, Brea, CA, USA). The absorbance was proportional to the quantity of oxidant molecules present in the sample and the quantity of oxidants in the sample was compared with that of H 2 O 2 . The results were expressed as µmol H 2 O 2 equivalent/l.
Determination of oxidative stress and antioxidant status.
The tissues were homogenized using an Ultra-Turrax T 25 Basic dispersing instrument, IKA, Staufen, Germany) using ice-cold Tris-HCl buffer (50 mM; pH 7.4) at 4˚C. Following homogenization, the homogenate was centrifuged at 600 x g for 15 min and the supernatant was isolated. The resultant 5 ml of supernatant was aliquoted as 500 µl in each tube, stored at -20˚C and used for the oxidative stress parameters. Protein estimation was then performed, as described previously (20) .
Antioxidant enzyme activity
Total Cu-Zn and Mn superoxide dismutase (SOD) activity. The assay to determine SOD activity was performed in the ethanol phase of the sample; the ethanol phase was obtained by adding 1.0 ml ethanol-chloroform mixture (5:3, v/v) to an equal volume of the sample. The SOD activity was determined based on a nitroblue tetrazolium (NBT) reduction (21) . SOD activity (1 unit) = quantity required for 50% inhibition of NBT reduction. SOD activity was expressed as U/mg protein.
Glutathione peroxidase (GPx) activity. The activity of GPx was determined using a method previously described by Paglia and Valentine (22) , in which oxidized glutathione is reduced by glutathione reductase and NADPH and the oxidation of NADPH to NADP + was measured by a decrease in absorbance at 340 nm. The GPx activity was expressed as U/mg protein.
Catalase (CAT) activity. The activity of CAT was determined according to the method described by Aebi (23) . The reaction mixture contained the tissue sample in 30 mM H 2 O 2 and 50 mM phosphate buffer (pH 7.0). The activity of CAT was then estimated by the decrease in the absorbance of H 2 O 2 at 240 nm.
Glutathione (GSH) content.
The homogenate was resuspended in 5% meta-phosphoric acid and the supernatant was collected for determination of total GSH using a GSH assay kit (Trevigen Inc., Gaithersburg, MD, USA). The GSH levels were expressed as nmol/mg protein.
Estimation of tissue protein carbonyl content (PCC).
The carbonyl contents formed during the reaction between the carbonyl group and 2,4-dinitrophenylhydrazine to form 2,4-dinitrophenylhydrazone was measured spectrophometrically (24) . The results were expressed as carbonyl (nM)/mg protein.
Estimation of lipid peroxidation. The levels of thiobarbituric acid (TBA) reactive substances were determined, as described previously (25) . The reaction is based on the reaction of malondialdehyde (MDA) with TBA. The pink color formed was measured at 532 nm using a spectrophotometer. The results were expressed as TBA reactants formed (nmol)/g wet tissue.
Statistical analysis. The data were analyzed using one-way analysis of variance followed by Tukey's multiple comparison test using SPPS software, version 22.0 (SPSS, Inc., Chicago, IL, USA). P<0.01 was considered to indicate a statistically significant difference. All biochemical experiments were performed in triplicate to ensure reproducibility.
Results

Effect of lutein on renal function in rats exposed to I/R injury.
The present study determined the renal function by estimating the levels of the kidney markers serum urea and creatinine. A significant increase in serum urea and creatinine levels (P<0.001) was observed in the rats subjected to I/R injury compared with the control rats. Pretreatment with lutein followed by I/R injury significantly decreased the levels of the two markers (P<0.001) compared with the group treated with I/R alone. No significant differences were observed in the rats treated with sham and lutein compared with the control group ( Figs. 1 and 2 ). Histopathological observations revealed that I/R caused significant damage to the renal tubules and glomeruli with inflammatory infiltration. The control and lutein-treated rats maintained a normal kidney morphology and pretreatment with lutein also maintained the normal renal tissue morphology (Fig. 3) . Table I shows, a significant increase (P<0.001) in TOS and a significant decrease (P<0.001) in TAC were observed in the I/R-treated rats compared with the control group. Treatment with lutein followed by I/R treatment led to a statistically significant decrease (P<0.001) in TOS with a significant increase (P<0.001) in TAC compared with the I/R-treated group. However, no significant difference was observed in the rats treated with lutein and the sham group compared with the control group.
Effect of lutein on total antioxidant capacity (TAC) and total oxidant status (TOS). As
Effect of lutein on lipid peroxidation and PCC content.
A significant increase in the levels of lipid peroxides and PCC (P<0.001) was observed in the I/R-treated rats. No significant differences in the levels were observed in the rats treated with lutein and sham when compared with the control group. In the rats pretreated with lutein followed by I/R injury, significant decreases (P<0.001) in the levels of lipid peroxide and PCC were observed when compared with the levels of the I/R group (Figs. 4 and 5) .
Protective effect of lutein on antioxidant status.
The results of the present study demonstrated a significant decrease (P<0.001) in the levels of GSH, SOD, GPx and CAT (P<0.01) in the I/R-treated rats compared with the control group. Pre-treatment with lutein followed by I/R injury significantly increased the antioxidant status of SOD and GPx (P<0.001), and GSH and CAT (P<0.01) compared with the I/R-treated rats. No significant differences were observed in the rats treated with lutein alone compared with the control rats (Table II) . P<0.001 compared with the I/R group. Data were analyzed using one-way analysis of variance followed by Tukey's multiple comparison test. I/R, ischemia-reperfusion; TAC, total antioxidant capacity; TOS, total oxidant status. *** P<0.001, compared with the control. ### P<0.001 compared with the I/R group. NS, not significant compared with the control. Data were analyzed using one-way analysis of variance followed by Tukey's multiple comparison test. I/R, ischemia-reperfusion. ## P<0.01 compared with the I/R group. NS, not significant compared with the control. Data were analyzed using one-way analysis of variance followed by Tukey's multiple comparison test. I/R, ischemia-reperfusion; TBA, thiobarbituric acid. 
Discussion
It has been well documented that the oxidative stress induced during I/R injury is important in acute and chronic renal dysfunction (26, 27) . Oxidative stress is a condition in which the levels of oxidants are increased compared with those of the antioxidant levels inside the cells and determination of the levels of oxidants and antioxidants demonstrates a state of oxidant imbalance during specific conditions (28) . The present study demonstrated a significant increase in the TOS and a significant decrease in the TAC of rats subjected to I/R injury. Lutein pretreatment followed by I/R revealed higher levels of antioxidants compared with oxidants. The ROS generated during oxidative stress can initiate a chain of reactions affecting cellular biomolecules, including DNA, protein and lipids (29) . Previous studies have demonstrated a significant increase in levels of lipid peroxidation during I/R injury (30) (31) (32) . Normally, the cells contain various enzymic and non-enzymic antioxidant enzymes, including GSH, SOD, CAT and GPx. These endogenous enzymes counteract the oxidative stress conditions by scavenging ROS through combined defense mechanisms. SOD catalyzes superoxide (O2•-) and hydroxyl ions (OH•-) to form H 2 O 2 . These H 2 O 2 molecules are further decomposed by catalase into water and oxygen (33) . GSH is an important non-protein thiol, which acts as a first defense against oxidative stress (34) . In addition, the conjugation of GSH and GPx offers protective effects by quenching the free radicals (35) . In the present study, significant increases in the levels of MDA and PCC, and a significant decrease in the antioxidant status in the kidney were observed following I/R injury compared with the control group, which demonstrated that imbalance in the oxidant-antioxidant status was a major factor in I/R injury. However, these conditions were significantly reversed by lutein through a significant decrease in the levels of MDA and PCC and a concomitant increase in enzymic and non-enzymic antioxidants. The results of the present study demonstrating neutralization of the oxidative imbalance were attributed to the antioxidant potential of lutein. Lutein, a member of the xantophyll family, protects against macular damage and age-related macular degeneration through its antioxidant properties (36) (37) (38) . In addition, similar effects of lutein have been observed in reducing oxidative stress in retinal I/R injury by enhancing antioxidative defense mechanisms (39) .
Oxidative stress and the subsequent effects of downstream mediators are often implicated in cellular dysfunction (6) . Therefore, the present study evaluated renal function through the kidney specific markers, serum urea and creatinine. The significant increases observed in these kidney markers following I/R injury were ameliorated by treatment with lutein. These effects may be due to the antioxidant properties and cytoprotective effect of lutein neutralizing oxidative stress. In addition, histological examination revealed tubular damage with necrosis and inflammatory infiltration in rats subjected to I/R injury. Conversely, pretreatment with lutein led to complete protection against I/R injury, which was evident by the preservation of normal kidney architecture. Similar protective effects of lutein, in maintaining kidney markers and cellular architecture, have been observed against cisplatin-induced acute renal failure (40).
In conclusion, the results of the present study demonstrated the protective effect of lutein against kidney I/R injury through a reduction in renal dysfunction. Lutein provided significant protection by reversing the oxidative stress through the enhancement of antioxidant defense mechanisms. The protective effect against I/R injury may be attributed to the ability of lutein to act as a potent free radical scavenger, to enhance antioxidant status and to maintain kidney architecture. The present study demonstrated that lutein can be used as a potential pharmacophore in preventing I/R injury in the rat kidney. However, further studies are required to identify the precise molecular mechanism underlying the action of lutein in order for it to be used in therapy to prevent I/R injury.
